Polyunsaturated fatty acids (PUFA) have a multitude of health effects. Their incorporation into membrane phospholipids (PL) is generally believed to depend directly on dietary influx. PL influence transmembrane protein activity and thus can compensate temperature effects; e.g. PL n-6 PUFA are thought to stabilize heart function at low body temperature (T b ), whereas long chain (.C18) n-3 PUFA may boost oxidative capacity. We found substantial remodeling of membranes in freeliving alpine marmots which was largely independent of direct dietary supply. Organ PL n-6 PUFA and n-6 to n-3 ratios were highest at onset and end of hibernation after rapid increases during a brief transitional period prior to hibernation. In contrast, longer chain PL n-3 PUFA content was low at end of summer but maximal at end of hibernation. After termination of hibernation in spring, these changes in PL composition were rapidly reversed. Our results demonstrate selective trafficking of PUFA within the body, probably governed by a circannual endogenous rhythm, as hibernating marmots were in winter burrows isolated for seven months from food and external cues signaling the approaching spring. High concentrations of PL n-6 PUFA throughout hibernation are in line with their hypothesized function of boosting SERCA 2a activity at low T b . Furthermore, we found increasing rate of rewarming from torpor during winter indicating increasing oxidative capacity that could be explained by the accumulation of long-chain PL n-3 PUFA. It may serve to minimize the time necessary for rewarming despite the increasing temperature range to be covered, because rewarming is a period of highest metabolic rate and hence production of reactive oxygen species. Considering the importance of PUFA for health our results may have important biomedical implications, as seasonal changes of T b and associated remodeling of membranes are not restricted to hibernators but presumably common among endothermic organisms.
Introduction
Cellular membranes contain variable amounts of essential polyunsaturated fatty acids (PUFA), generally believed to depend directly on dietary influx and tissue specific differences [1] [2] [3] [4] [5] [6] [7] [8] . However, rapid and diet-independent adjustments of membrane composition in response to changing cell temperature are well known for ectotherms [9, 10] . This so-called ''homeoviscous adaptation'' is thought to maintain membrane integrity at lower temperatures. Endothermic organisms also show fluctuations in body temperature (T b ) on a daily and seasonal basis, carried to the extreme by hibernators and daily heterotherms [11] [12] [13] . Hence, integration of PUFA into phospholipids (PL) in order to cope with lower cell temperature may be conserved in endotherms. Indeed, studies in the laboratory found such changes in hibernating mammals [14] [15] [16] , and in deer mice exhibiting a higher propensity for daily torpor induced by short photoperiod [17] .
However, there is accumulating evidence against an effect of membrane unsaturation per se, but instead for specific interactions of n-6 and n-3 PUFA with proteins, e.g. of oxidative pathways, ATPases, and ion channels [15, [18] [19] [20] [21] . For instance, incorporation of n-6 PUFA into PL is a well known phenomenon of cold acclimation [22] . A high n-6 to n-3 ratio has been suggested to mitigate temperature (Arrhenius) effects on the activity of the sarcoplasmatic reticulum Ca 2+ -Mg 2+ pump in cardiac myocytes (SERCA 2a) of hibernating animals thereby enabling lower deep torpor T b , and thus less fat consumption, without jeopardizing heart function [21] . On the other hand, long-chain n-3 PUFA like docosapentaenoic acid (DPA, C22:5 n-3) and docosahexaenoic acid (DHA, C22:6 n-3) are thought to act as ''metabolic pacemakers'' [23] , although they enhance metabolic scope rather than basal metabolic rate [20, 24] . However, high concentrations of n-3 PUFA seem to be incompatible with a life at low T b (reviewed in [21] ).
Therefore, we hypothesized that hibernators may undergo dietindependent adjustments of PUFA types and concentrations in PL, in preparation for seasonal changes in T b . Specifically, we expected an increase of n-6 PUFA in organ PL prior to and during hibernation but a decrease of n-3. To test these hypotheses in a single organism, we chose free-ranging alpine marmots (Marmota marmota) as model species. We considered this hibernator suitable because it shows profound changes of T b throughout the year (Fig. 1) , and relies entirely on fat reserves to fuel metabolism during hibernation and early spring [25] [26] [27] , excluding any direct dietary influence on membrane PL composition during these periods. Furthermore, alpine marmots live in winter burrows for seven months each year, isolated from food and external cues signaling the approaching spring. Thus, changes occurring during hibernation would indicate endogenous control.
Results

Thermoregulation
We continuously measured T b telemetrically in the abdominal cavity of 53 animals in their natural habitat, altogether 154 animal years. Daily mean T b was highest in June and decreased during the rest of summer, at first slowly, but with a profound drop just prior to hibernation. T b of hibernating animals approached the temperature in the burrow and followed its winter decline to a minimum of 1.8uC (Fig. 2b) . Marmots, like all hibernators, regularly interrupted hibernation [25, 28] (Fig. 1 ) and returned to high T b for on average 27.862.54 h (6 standard error of the mean). Mean T b during these periods of so-called ''euthermy'' ( Fig. 1 , inset graph) was 2.4uC below the daily mean T b of summer active marmots, and still 0.760.05uC (F (1, 8896) = 168.0, p,0.001) below daily minimum T b during summer. However, euthermic T b increased continuously during winter, and rapidly increased to summer levels at the end of hibernation within about two to three weeks (Fig. 2b) . Four exceptionally low spring values of daily mean T b resulted from occasional short-term relapses of some animals into torpor after opening the winter burrow (Fig. 2b) .
Rewarming from torpor was slow during the initial phase, reached highest rates from 18 to 28uC (mean 8.168.23uC*h 21 ) and decelerated when T b approached euthermic levels. Interestingly, rewarming accelerated during winter ( Fig. 3) with decreasing minimal deep torpor T b (Fig. 2b) . To some degree, this could be explained by decreasing body mass of winter fasting marmots (effect on logarithmic rate of rewarming: standardized partial regression coefficient 20.31, F (1,783) = 43.3, p,0.001; body mass assumed to decrease linearly from immergence to emergence mass). However, independent of body mass, rewarming rate increased with decreasing initial T b (effect of minimal T b during the preceding bout of torpor on logarithmic rate of rewarming: standardized partial regression coefficient 20.24, F (1,783) = 53.1, p,0.001).
Remodeling of cell membranes
The autumn drop in T b was paralleled by a massive influx of linoleic acid (LA, C18:2 n-6) and arachidonic acid (AA, C20:4 n-6) into heart and liver membranes. These n-6 PUFA replaced monounsaturated fatty acids (MUFA, C16:1 n-7 and C18:1 n-9), and, in the heart, also n-3 PUFA. In sum, during only 14 days, PUFA of the n-6 series increased in heart PL from 37.6560.63% to 49.3060.82% (F (1, 11) = 97.9, p,0.001), and in liver PL from 14.3261.73% to 32.1361.87% (F (1,11) = 34.3, p,0.001). As a result, the n6/n3 ratio more than doubled in both organs. These trends continued during winter in the liver but not in the heart (Fig. 2c, Fig. 4 , Tab. 1).
Long-chain n-3 PUFA were found in much lower concentrations than AA at any time of the year, particularly in the heart. However, DHA and DPA increased remarkably during winter in both organs (heart: from 2.9360.35%, to 6.6260.57%, F (1, 20) = 26.9, p,0.001; liver: from 3.2060.28%, to 7.426 0.42%, F (1,63) = 28.2, p,0.001), a process that in liver PL had already begun in autumn. Altogether, the autumn and winter changes led to a peak in the unsaturation index (UI, total number of double bonds per 100 acyl chains) at the end of hibernation (Fig. 2c, Fig. 4 , Tab. 1).
In spring, PL composition of organs changed again, concurrent with the increase in euthermic T b . The total concentration of AA, DHA and DPA decreased over only 8 days in the heart from 30.5961.98% to 19.3062.23% (F (1,9) = 14.0, p = 0.005), and in the liver over 35 days of sampling from 21.4760.78% to 16 .0260.57% (F (1,52) = 23.1, p,0.001). LA concentrations also decreased during spring. Long-chain PUFA were replaced predominantly by MUFA in the heart, but in the liver by alinolenic acid (ALA C18:3 n-3), leading to significantly lower UI in the heart and n6/n3 ratio in the liver at the end of the spring sampling period. During summer, most of the spring trends continued, albeit at much lower rates (Fig. 2c, Fig. 4 , Tab. 1).
Polyunsaturated fatty acids in stomach contents and adipose tissue
MUFA cannot be converted to PUFA by vertebrates. ALA, the precursors of all longer chain n-3 PUFA, and LA, the precursor of AA, must be acquired in the diet as essential nutrients [23] . Nevertheless, the seasonal changes in heart and liver PL composition were largely independent of current dietary intake (cf. Tab. 1, Tab. 2). This is not surprising because food intake was low or absent for most of the year. Fill of the gut decreased during autumn until food intake ceased completely with the onset of hibernation (Tab. 3). When marmots first opened their burrows in spring, their home ranges were still covered by a thick snow pack, typically of one to three meters at the altitude of our study area (cf. [29] ). Only with proceeding snow melt did the vegetation become gradually accessible (Fig. 2a) , enabling a progressive increase in food intake after hibernation (effect of % snow cover in a home range on mass of gut fill in adult marmots: regression coefficient 22.6460.49 g, F (1, 26) = 28.8, p,0.001, adj. R 2 = 0.51). Further, the mean LA concentration in stomach contents during autumn, when concentrations of n-6 PUFA increased rapidly in organ PL, was even lower than during the spring period (14.3860.86% vs. 18.1160.80%; F (1,21) = 10.0, p = 0.005), when n-6 PUFA were cleared from the organs.
Changes in organ PL were also largely independent from the fatty acid composition of white adipose tissue (WAT) (cf. Tab. 1, Tab. 4). During spring, the total concentration of AA, DPA and DHA in WAT increased from 0.2060.32% to 1.3260.23% (F (1,48) = 6.0, p = 0.018). In contrast to WAT, total lipid composition of brown adipose tissue (BAT) resembled the fatty acid smaller than symbol size. Burrow temperature is a line plot of daily means smoothed with a cubic spline. c Concentrations of long-chain n-6 (arachidonic acid (AA), C20:4 n-6, black symbols), and n-3 fatty acids (docosapentaenoic acid (DPA), C22:5 n-3, and docosahexaenoic acid (DHA), C22:6 n-3, white symbols) in phospholipids of liver (circles, dashed regression lines) and heart (squares, solid regression lines), of marmots shot during Spring and Autumn hunting periods (shaded sections). Data shown here are examples of several fatty acids that changed significantly (Fig. 4 
Discussion
Function of seasonal transitions
If a membrane rich in n-6 PUFA is necessary for maintaining heart function in hibernating mammals [21] , it should be available when an animal undergoes the first bout of torpor. Indeed, the most remarkable increase in the proportion of PL n-6 PUFA occurred during a short pre-hibernation transition phase. Furthermore, this increase as well as total concentration was highest in the heart and n-6 concentration and n-6/n-3 ratio were highest immediately before and after hibernation. It is still unknown why an n-6 environment apparently stimulates SERCA 2a activity and stabilizes heart function at low T b . The explanation may lie in the coupling between the hydrophobic core of the lipid bilayer and the hydrophobic part of a membrane-spanning protein [30] . Any conformational change of a protein involving variation in its cross-sectional area causes local bilayer deformation with associated changes of the lateral pressure profile. Distribution of lateral stress within the hydrophobic core depends on the degree of unsaturation and alters the equilibrium constant for the protein conformational states. Even small changes in membrane composition, e.g. replacement of n-3 with n-6 PUFA, can lead to shifts in local pressure in the magnitude of hundreds of bars [31] [32] [33] .
The second striking change during autumn and winter in organ PL composition was the accumulation of AA, DPA and DHA indicating chain-elongation and further unsaturation of precursors. Considering the similarity of seasonal changes found in organ PL and BAT total lipids, which is in sharp contrast to WAT total lipids, it seems reasonable to assume that changes in BAT-PL and not in BAT-triglycerides are responsible for this resemblance. Accumulation of DPA and DHA in PL may well explain the simultaneous increase in accelerated rewarming (which we assume indicates an increase in thermogenic capacity) and euthermic T b . DPA and DHA are well known to increase the activity of Krebs cycle and b-oxidation enzymes (reviewed in [20] ). In addition, non-shivering thermogenesis could also be improved if uncoupling protein is not a proton channel but a fatty acid anion carrier [34] . In this case transport of protonated fatty acids across the inner mitochondrial membrane is rate limiting. It has been suggested that this transport occurs by flip-flop, known to be fastest in highly permeable DHA-rich membranes [35] . The function of increasing thermogenic capacity during winter may lie in keeping rewarming times short. Rapid rewarming time could minimize the total amount of detrimental reactive oxygen species (ROS) produced, despite the extraordinarily high metabolic rate during rewarming [27, 36, 37] .
However, periods of high peroxidation risk of PUFA are short during hibernation [37] and antioxidant defense is upregulated [38] [39] [40] . The situation is presumably different in spring and early summer when the energetically most expensive tasks in a marmot's life take place: reproduction, competition for territory ownership, growth and fattening [41] . These tasks require continuously high metabolic rate, possibly rendering highly unsaturated membranes too prone to peroxidation. Furthermore, maintaining sufficient levels of antioxidant defense could be energetically too expensive in light of the high energy allocation towards competing tasks. Thus, a shift towards higher T b allowing clearance of PUFA from PL but maintaining high aerobic power seems to be a better option [36] .
Source of membrane lipids
The LA incorporated into organ PL most likely originated predominantly from the huge amount of WAT built up during summer fattening (estimated body mass of adult marmots at emergence from hibernation 2915687 g, n = 172, at immergence 44666219 g, n = 29; mean concentration of LA across four WAT depots sampled at end of summer 7.8460.58%, Tab. 4). However, preferential release of LA during lipolysis as an explanation for its increase in organ PL can be excluded. The concentration of LA in WAT increased during winter by 3.6961.18% (regression of means of all WAT depots sampled, F (1,61) = 9.8, p = 0.002) indicating its selective retention [42] . This phenomenon is common in hibernators [43, 44] , and was expected because more Concentration of various fatty acids in heart and liver phospholipids (%), n-6/n-3 ratio, and unsaturation index (UI) at the beginning of the Spring, Summer, Autumn, and Winter periods defined in Fig. 2 , and daily changes during these periods (''slope'' with its s.e., degrees of freedom (df), and p-value). For details on how listed values were calculated, see Methods.
doi:10.1371/journal.pone.0018641.t001 Concentration of various fatty acids in total lipids (%), n-6/n-3 ratio and unsaturation index (UI) of stomach content, at the beginning of the Spring, Summer, Autumn, and Winter period defined in Fig. 2 , and daily changes during these periods (''slope'' with its s.e., degrees of freedom (df), and p-value). For details on how listed values were calculated, see Methods. doi:10.1371/journal.pone.0018641.t002 Concentration of various fatty acids in total lipids (%), n-6/n-3 ratio and unsaturation index (UI) of various depots of white adipose tissue (WAT), at the beginning of the Spring, Summer, Autumn, and Winter period defined in Fig. 2, and daily changes during these periods (''slope'' with its s.e., degrees of freedom (df), and p-value). For details on how listed values were calculated, see Methods. doi:10.1371/journal.pone.0018641.t004 Table 4 . Cont. Concentration of various fatty acids in total lipids (%), n-6/n-3 ratio and unsaturation index (UI) of brown adipose tissue, at the beginning of the Spring, Summer, Autumn, and Winter period defined in Fig. 2 , and daily changes during these periods (''slope'' with its s.e., degrees of freedom (df), and p-value unsaturated PUFA like ALA are preferentially mobilized during lipolysis [45, 46] . Therefore, if organ PL simply reflected concentrations of FA released from WAT into the blood, one would expect that -contrary to our results -more unsaturated PUFA, rather than LA, would show largest increases in organs. In conclusion, our findings implicate preferential incorporation of n-6 PUFA into organ PL or the existence of fatty acid specific trafficking between organs and WAT, by, to our knowledge, unknown means. Candidates are fatty acid transport proteins, suspected to bind specifically to PUFA [47, 48] . Reversal of membrane composition to the summer state during spring may have occurred by similar means, because disappearance of PUFA from organ PL occurred simultaneously to their increase in WAT. However, the changes in spring could have also emerged through metabolization of organ PL-PUFA and continued depletion of triglyceride stores after termination of hibernation causing a relative increase of the proportion of PL and hence long-chain PUFA in the total lipid pool of WAT.
Conclusion
Our results indicate that seasonal acclimation is much more comprehensive in endotherms than recognized up to date. It comprises major and surprisingly fast changes in membrane composition. Chain elongation and further desaturation of LA and ALA, well known mechanism of temperature acclimation in ectotherms, seem to be conserved in mammals. Other unexpected findings are the selective transfer of LA from WAT into organ PL in preparation for winter and removal of PUFA from PL when returning to a life at high T b . Furthermore, the apparent lack of a direct influence of diet, and the fact that marmots spent 6-7 months in winter burrows, completely isolated from external cues signaling the approaching spring, suggest a large degree of endogenous control of these processes.
There is growing evidence that hibernation is simply the most extreme expression of hypometabolism, which appears to be a ubiquitous feature of endotherms to anticipate and cope with temporary cold and food shortage [13] . Even humans have a lower T b during winter [49] [50] [51] and maximal aerobic power during summer [52] . Seasonal remodeling of membranes may be similarly ubiquitous (e.g. [1, 53] ). Considering the importance of PUFA for health [5] [6] [7] [8] 54 ], a better understanding of the functions and mechanism of membrane remodeling is fundamental for human medicine. For instance, it may well be that the profound late winter peak of cardiovascular mortality [55, 56] is due to higher n-6/n-3 ratios in cardiac myocytes at this time [8] , reflecting a conserved pattern of seasonal membrane acclimation.
Materials and Methods
Ethics Statement
Treatment of marmots in this study was approved by the cantonal veterinary office of Grisons, Chur, Switzerland, no. 5/ 1997.
Field study
We studied over three years a population of free-living alpine marmots in the Avers-Bregalga valley in the Swiss Canton Grisons (46u269N, 9u349E, 1600-2400 m above sea level). We trapped and marked 300 marmots from 32 social groups (from 20 groups all members) individually with TROVANH (Trovan, Ltd., Douglas, UK) transponders, a permanent tattoo, and fur dye for identification from a distance. Trapped marmots were weighed to the nearest 50 g with a hand-held spring balance. Composition of social groups and their home range sizes were determined by trapping and observing. Except one individual hibernating alone during one winter after natal dispersal, group members always hibernated together in a single burrow [25, 26, 41] . Onset of hibernation was assumed for a social group when no marmot was seen above ground for at least five days in a group's home range or when entrances to the group's hibernaculum were found to be plugged with soil from inside. Termination of hibernation was assumed for a group when the first marmot emerged from the hibernaculum in spring. Patterns of snow melt were determined by inspecting home ranges every other day and estimating % of snow coverage.
Measurement of body and burrow temperature
T b was measured telemetrically in a subset of 53 marked animals living and hibernating in 13 social groups of 2 to 10 individuals (mean = 3.2, SD = 1.96, n = 32 group years). Altogether, we obtained 154 marmot years of T b data. In 22 of the total of 32 hibernation groups studied over 3 winters were all members equipped with transmitters. Only one female produced a litter during our study but these juveniles died before their first hibernation. We included this female in our analysis because omitting these T b data did not significantly change our results. Burrow temperatures were also measured telemetrically in 20 different hibernacula as described elsewhere [57] . We used self-constructed radio transmitters (accuracy 60.1uC, mass 40 g for adults, 22 g for juveniles) with a temperaturedependent pulse rate calibrated in the range of 2 to 38uC at five equidistant intervals before usage. Each transmitter operated with a unique frequency between 148 to 149 MHz.
Transmitters were implanted into the abdominal cavity under anesthesia with a mixture of 20 mg/kg zolazepam/tiletamin (ZoletilH) and 10 mg/kg xylazine (RompunH). Implantations were conducted at the end of August or beginning of September to ensure at least three weeks for wound healing prior to hibernation. Animals were released at capture locations at least 24 h after surgery and after a final examination by a veterinarian.
Telemetry data were recorded and stored automatically in a cabin located in the centre of the study area and transferred in larger data packages to Vienna via modem connection. Three receivers were switched from channel to channel by computers resulting in T b recordings for individual animals approximately every 15 minutes. After each switch to a new channel, receiver frequency was automatically fine tuned in order to improve the signal to noise ratio, and signals were discriminated from noise with an algorithm based on detection of periodicity.
Tissue samples
We sampled tissues during spring and autumn (Fig. 2 , shaded sections) from 151 trapped and 68 shot marmots. Animals were killed in a population control program with a single neck or head shot by game wardens from the Wildlife and Fishery Department of the Swiss Canton Grisons. For trapped marmots, approximately 100 mg WAT was obtained surgically from the inguinal subcutaneous fat depot under anesthesia as described above. Shot marmots were dissected within 20 minutes and about 2 g of heart, liver, axillary BAT, peritoneal, perirenal, pericardial, and inguinal subcutaneous WAT, and stomach content were put in 2 ml polyethylene vials, flooded with nitrogen to prevent oxidation, snap-frozen in dry ice and stored at 280uC until analysis. The stomach content sample was taken from a larger (.50 g) thoroughly mixed quantity of stomach content. During one transport of samples from Switzerland to Vienna, we ran out of dry ice due an unexpected delay at the border. As a result, we lost heart samples from spring and could therefore analyze changes after hibernation in heart PL only during a smaller time window.
Biochemical analyses
Triglyceride fatty acids comprise .95% of total lipids in rodent WAT [58] . Therefore, we did not separate triglycerides and PL prior to analysis in samples from WAT and BAT, but analyzed total lipids in all adipose tissues. In stomach contents we also analyzed total lipids. Organ PL were isolated using thin-layer chromatography [59] and transesterified thereafter with a one-step method also used for adipose tissue lipids [60, 61] . Fatty acids were identified by gas-liquid chromatography using a Perkin-Elmer FID AutoSystem XL autosampler chromatograph equipped with a 30 m60.25 mm60.25 mm HP INNOWax capillary column, using the following parameters: injector 240uC, column 130-180uC at 4uC/min, 180-200uC at 3uC/min, 200-240uC at 15uC/min, 240uC for 8 min. The relative fatty acid composition was quantified using external fatty acid methyl ester standards (Supelco) run after every 20 samples and Turbochrom 4.1 software (Perkin Elmer). Concentrations of single fatty acids were calculated as mass % of total identified peaks of fatty acids of chain length 14 to 22. In stomach contents, only lipids with chain lengths #C18 were analyzed because longer fatty acids were not detectable or only present at negligible concentrations. Percentages therefore refer for stomach contents to mass % of total identified peaks of fatty acids of chain length 14 to 18.
Data analyses
Data analyses were carried out using the statistical package R [62] . Values presented in Tables 1, 2 , 3, 4, 5 and Fig. 4 are calculated from regressions on data obtained during the two sampling periods after and before hibernation (Spring and Autumn respectively, shaded sections in Fig. 2) . Intercepts of these regressions represent the estimated mean at the beginning of these periods, their slopes the average change per day. By reversing the time scale of these regressions, we estimated the intercepts at the end of these periods, representing the estimated means at the beginning of the Summer and Winter period (Fig. 2) . Changes per day during Summer and Winter were calculated by dividing the differences between the intercepts at begin and end of these periods with the number of days between the last day of Spring and first day of Autumn, and the last day of Autumn and first day of Spring, respectively. Significance of changes per day during Summer and Winter was tested by comparing intercepts of Spring and Autumn regressions with one time scale reversed. For instance, a significant change during Winter was identified when the intercepts of the regression of Autumn samples against time with last day active as day 1 and Spring samples with first day active as day 1 differed with p,0.05. To avoid pseudoreplication, we analyzed temperatures sampled repeatedly from the same individuals in linear mixed effect models with a random effect ''Individual'' [63] . Violation of assumptions to be met for parametric testing was identified by inspecting residuals from statistical models and eliminated, if necessary, by appropriate transformation of data.
